Rapid turnover of mobile elements drives the plasticity of bacterial genomes. Integrated bacteriophages (prophages) encode host-adaptive traits and represent a sizable fraction of bacterial chromosomes. We hypothesized that natural selection shapes prophage integration patterns relative to the host genome organization. We tested this idea by detecting and studying 500 prophages of 69 strains of Escherichia and Salmonella. Phage integrases often target not only conserved genes but also intergenic positions, suggesting purifying selection for integration sites. Furthermore, most integration hotspots are conserved between the two host genera. Integration sites seem also selected at the large chromosomal scale, as they are nonrandomly organized in terms of the origin-terminus axis and the macrodomain structure. The genes of lambdoid prophages are systematically co-oriented with the bacterial replication fork and display the host high frequency of polarized FtsK-orienting polar sequences motifs required for chromosome segregation. matS motifs are strongly avoided by prophages suggesting counter selection of motifs disrupting macrodomains. These results show how natural selection for seamless integration of prophages in the chromosome shapes the evolution of the bacterium and the phage. First, integration sites are highly conserved for many millions of years favoring lysogeny over the lytic cycle for temperate phages. Second, the global distribution of prophages is intimately associated with the chromosome structure and the patterns of gene expression. Third, the phage endures selection for DNA motifs that pertain exclusively to the biology of the prophage in the bacterial chromosome. Understanding prophage genetic adaptation sheds new lights on the coexistence of horizontal transfer and organized bacterial genomes.
Introduction
Bacterial viruses, commonly known as bacteriophages or phages, are numerous and have an important impact in the regulation of bacterial populations in the environment and in the human microbiome (Weinbauer 2004; Suttle 2005; Breitbart et al. 2008; Reyes et al. 2010) . Bacteriophages are very abundant and very diverse. Their genomes can be single stranded or double stranded, made of DNA or RNA, in one or several linear or circular molecules (Abedon and Calendar 2005) . The International Committee on Taxonomy of Viruses (ICTV) bases phage taxonomy on the shape of virion particle (King et al. 2011) . However, distinct families can exchange large DNA fragments blurring classical taxonomical definitions (Hendrix et al. 1999 ). Exchange of functional modules between phages leads to reticulate evolution and may favor their evolvability (Botstein 1980) . Modularity and genetic compaction lead to highly organized genomes of phages, where genes involved in related functions or expressed at the same moment in the phage infectious cycle are generally clustered together and expressed within the same operon (Ptashne 1992) . A large group of otherwise unrelated phages (called "lambdoid" phages) share phage Lambda's genomic organization (Campbell and Botstein 1983) . This is thought to facilitate viable genome assortment by recombination (Juhala et al. 2000) . The rapid evolution of phages by mutation and recombination and their lack of universal genes (contrary to prokaryotes) render classical phylogenetic approaches of little use. Alternative methods based on gene repertoire relatedness have thus been proposed (Rohwer and Edwards 2002; Lima-Mendez et al. 2008b) . Our understanding of phages is largely derived from the study of a few clades, most notably phages of enterobacteria. Accordingly, metagenomic studies find few sequences homologous to known phages (Edwards and Rohwer 2005; Angly et al. 2006; Reyes et al. 2010) .
Phages are bacterial parasites whose transmission involves, with rare exceptions, the death of the host by completion of a lytic cycle. However, some phages, so-called temperate phages, have the ability to enter a lysogenic state and replicate vertically with the host (Kourilsky 1973; St-Pierre and Endy 2008) . Most temperate phages integrate into the chromosome. Under specific physiological conditions, the prophage excises from the chromosome and enters the lytic cycle. Integration and excision are usually mediated by a site-specific tyrosine or serine recombinase (Nunes-Duby et al. 1998; Smith and Thorpe 2002) . Some temperate phages remain in the cell under the extrachromosomal form, for example, phage N15 of Escherichia coli (Ravin 2011) . Other prophages integrate and transpose randomly in genomes using DDE transposases, for example, Mu (Mizuuchi 1992) . Satellite phages code for the information necessary to subvert virions from other phages but not for their own virion particle, for example, the P4 phage subverts virions from the P2 phage (Six and Klug 1973) . Finally, Inoviridae are small singlestranded DNA (ssDNA) phages that integrate as prophages in the chromosome using the host recombinases (Huber and Waldor 2002) . Thus, although the temperate Lambda phage model was instrumental in our understanding of phages (Ptashne 1992) , the genetics of temperate phages is very diverse.
Prophages express very few genes. Among genes essential to their biology, they typically express a repressor of the lytic cycle (Ptashne 1992) . Prophages and their bacterial hosts have aligned interests in avoiding further infection by mobile genetic elements. Hence, elements that are important in phage warfare are also useful to the host (Shinedling et al. 1987; Nechaev and Severinov 2008; Van Melderen and Saavedra De Bast 2009; Labrie et al. 2010 ). Some prophages carry cargo genes encoding traits adaptive to the host, among which are virulence factors in many bacterial pathogens (Ohnishi et al. 2001; Banks et al. 2002; Boyd and Brussow 2002; Brussow et al. 2004 ; Thomson et al. 2004; Abedon and Lejeune 2005; Winstanley et al. 2008) . Not only do prophages encode traits that can increase the host fitness, they can also be used as biological weapons against other bacteria (Bossi et al. 2003; Brown et al. 2006 ). Several prophages have been shown to increase the growth rates of their hosts under particular conditions, even in the absence of competing mobile genetic elements (Edlin et al. 1977) . These examples suggest a symbiotic association between phages and bacteria (Roossinck 2011) . However, most intact prophages kill the bacterial cell upon induction of the lytic cycle. There is thus a delicate balance between lysogeny and induction of the lytic cycle, and this has important consequences in the interaction between phages and hosts. Understanding the way prophages integrate and remain in genomes is important to understand this balance and to quantify the contribution of prophages to bacterial fitness.
The integration of phages may affect a number of the organizational traits of the bacterial chromosome (ReyesLamothe et al. 2008; Rocha 2008) . 1) Genes encoding functional neighbors or interacting proteins cluster in operons and superoperons (Lathe et al. 2000; Zaslaver et al. 2006) . 2) The transcription of most genes, and especially essential genes, is co-oriented with the replication fork (Rocha and Danchin 2003) . 3) Highly expressed genes concentrate near the origin of replication in fast growing bacteria to enjoy replication-associated gene dosage effects (Couturier and Rocha 2006) . 4) Escherichia coli's chromosome is structured in four macrodomains and two nonstructured regions (Valens et al. 2004) . Physical interactions are frequent within and rare between macrodomains. This chromosome structure has not yet been extensively investigated in other bacterial species. 5) The genome is packed with regulatory signals involved in cell processes such as translation, transcription, replication, chromosome structure, and segregation (Touzain et al. 2011) . All these five organizational features are expected to constrain changes in bacterial genomes (Rocha 2004) . Thus, large changes in chromosome structure are tolerated only when its organization is respected (Itaya et al. 2005; Cui et al. 2007; Esnault et al. 2007; Val et al. 2012) . As a result, one would expect strong natural selection for phage integration in sites where it least affects the host fitness (Lawrence and Hendrickson 2003) . Prophages are part of the chromosome. Thus, one would also expect selection for gene orientation and DNA motifs in the prophage matching the local and global chromosomal organization. Selection for such traits in phages is possible because most phages integrate at specific well-defined sites in the chromosome leaving reproducible prophage structures. Also, prophages and chromosomes have aligned interests whenever prophage organization within the genome improves, or at least does not negatively affect, the host fitness.
There have been indications that prophages are not randomly distributed in genomes. Notably, prophages encoding integrases of the tyrosine recombinase family tend to integrate at or close to the 3 0 of transfer RNA (tRNA) or transfer-messenger RNA (tmRNA) genes possibly due to a preference for palindromic structures (Campbell 1992 (Campbell , 2003 Williams 2002 Williams , 2003 . The current availability of very large data sets of complete genomes for Escherichia, Salmonella, and their phages opens up the possibility to study with a strong statistical basis the adaptation of prophages to the chromosome background. In this work, we focus on the patterns of phage integration and how these relate with local and global organizational features of the bacterial chromosome.
Results and Discussion

Identification of Prophages
We analyzed 47 completely sequenced genomes of E. coli, one from E. fergusonii, 20 from Salmonella enterica, and 1 from S. bongori (for details see supplementary table S1, Supplementary Material online). We identified prophages using Phage Finder (Fouts 2006 ), Prophinder (Lima-Mendez et al. 2008a , and PHAST (Zhou et al. 2011) . We compared these independent predictions in the light of published information (Ohnishi et al. 2001; Casjens 2003; Canchaya et al. 2004; Thomson et al. 2004; Asadulghani et al. 2009 ). We precised prophage boundaries using sequence similarity to phages and the patterns of presence and absence of genes in the bacterial strains of the same species (see Materials and Methods). The few tandem prophages were curated manually. Smaller prophage remnants (putative defectives) are often very difficult to distinguish from other integrative elements. Therefore, we removed prophages smaller than 10 kb, as in Canchaya et al. (2003) and Casjens (2003) . We removed 49 prophages with more than 25% of transposases in their gene repertoires. These elements are degraded and thus difficult to distinguish from other mobile elements. This resulted in the main data set of 500 prophages.
Prophages tend to be recently integrated in bacterial genomes and thus strain specific (Canchaya et al. 2003) . Nevertheless, our data set includes some very closely related bacterial strains ( fig. 1A and B) , and some of the prophages may have arisen from the same integration event in an ancestral genome (henceforth named orthologous prophages). To control for pseudoreplication in the statistical analyses, we identified these prophages using similarity and positional scores (see Materials and Methods) . This nonredundant data set (NRall) includes 418 prophages that have similarity scores lower than 90%. We also created an even smaller data set including 301 prophages in NRall that are larger than 30 kb (NRlong). These prophages are nonredundant and less affected by accumulation of mutations and pseudogenization events. By default, we present the statistics obtained using the main data set. Other data sets are mentioned only when relevant, for example, when leading to different conclusions. Comparison of the size of the main and the NRall data set suggests that most prophages are not orthologous.
The number of prophages in genomes is highly variable regardless of their phylogenetic group ( fig. 1C ). It ranges from 2 to 20 in Escherichia (up to 13.5% of the genome of O157:H7 str. EC4115) and from 1 to 8 in Salmonella (up to 4.9% of the genome of Newport str. SL254) (see supplementary table S1, Supplementary Material online). On average, Escherichia genomes have more prophage genes than Salmonella's (5.6% vs. 3.5%; Student's test, P < 0.0005). Independent of this effect, larger genomes have more prophages ( fig. 2A ; Spearman's = 0.52, P < 0.0001). To investigate how prophages contribute to the diversity of the repertoire of gene families in both E. coli and S. enterica, we computed the pan genomes of these species (see Materials and Methods). In both species, we found approximately 3,000 genes present in more than 90% of the strains (persistent genes), although the fraction of core genes (present in 100% of the strains) is smaller in E. coli (1,983 genes vs. 2,628 in S. enterica) (fig. 2B ). The accessory genome, consisting of the genes present in less than 90% of the strains, is much larger in E. coli ($18,100 genes) than in S. enterica ($6,800 genes). Importantly, E. coli pan genomes remain larger when analyzing the same number of genomes of the two species ( fig. 2C ). The larger E. coli accessory genome is consistent with the high abundance of prophages in this species. Indeed, prophages account for 41% and 31% of the accessory genes in E. coli and S. enterica, respectively. A total of 75% of prophage genes are present in less than two strains in E. coli (80% in S. enterica), suggesting that upon acquisition, they tend to be rapidly lost, contributing to the open pan genome of these two species ( fig. 2C ). Prophages are important contributors to genome plasticity (Ohnishi et al. 2001; Banks et al. 2002; Casjens 2003; Canchaya et al. 2004) . In these clades, they account for a large fraction of the accessory genome determining variations in genome size.
The Diversity of Prophages
We made sequence similarity analyses between the proteomes of all phages of enterobacteria and all detected prophages of Escherichia and Salmonella. With these results, we built phage classification schemes based on trees and on graphs (see Materials and Methods). In the following, we use the tree representation because it is easier to compare with classical protein phylogenies and does not involve the choice of clustering parameters. Prophages were classified by comparing their position in the cladogram with those of a set of 147 phages and 50 prophages classified in GenBank or in the literature (Casjens 2003 . These traits suggest that many unclassified elements are prophage relics, which might justify their unreliable classification. Some of the few large unclassified prophages may be previously nondescribed classes or chimeras. Indeed, the Stx-like group of prophages is related to both Lambdalike (Siphoviridae) and P22-like (Podoviridae) phages (Garcia-Aljaro et al. 2009 ) and was classed apart from both. A second group of prophages was classed independently of the genera defined by the ICTV: the "SfV-like" phages. Such elements display unique features as they are lambdoid and have a Myoviridae tail structure (Allison et al. 2002; Mmolawa et al. 2003) . Importantly, our method of classification can be sensitive to the inclusion of small genomes in the data set (Wolf et al. 2002; Snel et al. 2005) . To test the robustness of the classification tree, we applied the same procedure to the 301 NRlong prophages. We found identical classifications for 90% of the prophages. Hence, small phage genomes may affect the topology of the cladogram but do not introduce major changes in the classification. In the following analyses, we use the classification based on the entire data set as this allows classing all prophages. Temperate and virulent phages form clearly distinct clades in our classification. Accordingly, no single prophage was positioned among virulent phages in the tree ( fig. 3A) . The majority of prophages are from the Myoviridae, Siphoviridae, and Podoviridae families (126, 223 and 30 prophages, respectively), with only three occurrences of Inoviridae. Two thirds of the prophages are lambdoid.
Escherichia coli and S. enterica have significantly different distributions of phage genera (P < 0.0001, 2 test), with the latter lacking Inoviruses, Epsilon15-like, Mu-like, and phiC31-like prophages. However, a wide diversity of viruses, including filamentous phages, were previously observed in Salmonella (Ackermann 2007) , suggesting that a larger sampling will partially correct for this effect. The most noticeable difference between the species is the very high fraction of Lambda-like prophages in E. coli (50%) relative to S. enterica (23%) (P < 10 À6 , 2 test). Interestingly, within a few groups (Lambda, SfV, P22, and P2), the phages of E. coli and S. enterica are well separated in the classification ( fig. 3B ). This suggests that host switching happens rarely and/or that it is accompanied with rapid evolution of specific gene repertoires.
Integration Hotspots
Comparative analyses of prophage locations are complicated by the high plasticity of the genomes of Escherichia and Salmonella (Vernikos et al. 2007; Touchon et al. 2009 ). To facilitate this analysis, we localized prophages relative to the closest flanking core genes. Escherichia coli and S. enterica genomes are mostly collinear (see supplementary table S1, Supplementary Material online), and only 4% of prophages are within a rearrangement breakpoint region. These few elements were removed from the analysis of integration loci. The remaining 369 E. coli prophages were found in 58 distinct integrative loci and the 102 S. enterica prophages in 24 distinct integrative loci ( fig. 4 ). Loci are shared by an average of 6.4 and 4.2 prophages within E. coli and within S. enterica genomes, respectively. Importantly, similar trends are found with the NRlong data set (5.4 and 3 in E. coli and S. enterica, respectively). We simulated 1,000 times the expected number of integration locations if they took place at random. In this case, one would expect to find 336.2 fig. 4) . Hence, the turnover of prophages is very high but restricted to a few sites in the bacterial chromosome that are often conserved for many millions of generations. Hotspots flanking tRNA or tmRNA genes have often been described and could result from integrases targeting conserved palindromic sequences (Williams 2002) . However, these genes flank only 15% of E. coli and 37% of S. enterica integration sites ( fig. 4 and supplementary table S3, Supplementary Material online) and only 8 of the 19 conserved hotspots between the two species. The tRNA gene pool is highly variable in these two species (Withers et al. 2006) , but the tRNA genes flanking these integration loci are present in a single copy in all strains of E. coli and S. enterica. These tRNAs are not a random sample of the tRNAs of E. coli and S. enterica: They are present in all genomes in one single copy and they decode the least used anticodon of 4-or 6-codon amino acids (supplementary table S4, Supplementary Material online). This might represent selection for elements that are lowly expressed (the case of rarely used tRNAs [Dong et al. 1996] ), highly conserved in genomes (core genes), and present in unique positions (allowing coevolution between the temperate phage and the host).
Many recently identified small RNA (sRNA) genes also include palindromes forming hairpins (Waters and Storz 2009) . Hence, we analyzed the colocalization of prophages with 441 sRNAs identified in recent large-scale studies of Escherichia and Salmonella (Huang et al. 2009; Raghavan et al. 2011; Shinhara et al. 2011; Kroger et al. 2012 ) (see Materials and Methods). A total of 11 (19%) and 4 (17%) additional integration sites (after removing the overlap with tRNA genes) are located close (<1 kb) to conserved sRNA genes in E. coli and S. enterica, respectively ( fig. 4 and supplementary table S3, Supplementary Material online). No further sRNAs were identified when the detection window was extended to 5 kb. We found that eight sRNA genes form stable secondary structures (i.e., more stable than 90% of random sequences with same size and composition, see Materials and Methods). Two of these genes (ryeB in Salmonella and ryeE in E. coli) were previously known to be targeted by phages (Wassarman et al. 2001; Balbontin et al. 2008) . Therefore, sRNAs might also be important integration sites.
We investigated the specific features of the 64% (E. coli) and 46% (S. enterica) of integration loci that are not associated with tRNAs, tmRNAs, ribosomal RNAs (rRNAs), or sRNAs (henceforth named noncoding RNA [ncRNAs] ). Integration into protein coding sequences has been described within icd (Wang et al. 1997 ) and ompW in E. coli (Creuzburg et al. 2011 ) and lepA in S. enterica (Hermans et al. 2006) . Indeed, we find these three loci among the most occupied hotspots (fig. 4) . Integration leads to duplication of the 3 0 -end without affecting the length of the ORF in the first case, whereas the gene is disrupted in the second case (supplementary The intQ and intR genes encode integrases and might correspond to pseudogenes of previous prophages. Surprisingly, the other genes are well conserved within E. coli, and eight of them (ssuA, wrbA, prfC, yecE, yneJ, tqsA, yfaT, and eutB) would be part of the E. coli core genome if they had not been disrupted by phage integration. These cases correspond to sites less frequently occupied by prophages (3.5 prophages per site on average). Two of them were disrupted by Mu-like prophages that integrate randomly in the host genome (Bukhari and Metlay 1973) . Thus, some protein encoding genes are hotspots even though this leads to their disruption. However, most of these integration loci are poorly populated suggesting that these are secondary integration sites. Strikingly, 50% of E. coli and 25% of S. enterica integrative loci are neither next to ncRNA genes nor within protein coding genes. Many of these loci have few or even one single prophage and may represent secondary integration sites. However, five of these loci are occupied at higher frequencies than the average loci (11.8 prophages, P < 0.02, Wilcoxon test). This is the case of the integration site of phage Lambda (Otsuka et al. 1988) . Contrary to ncRNA genes, intergenic regions are under few constraints, and integration sites in these regions are expected to evolve fast. Nevertheless, we observe four such hotspots shared by E. coli and S. enterica (i.e., 21% of all conserved loci). Conservation of intergenic sequences at such large evolutionary distances requires strong purifying selection. This may result from selection for lysogeny, which is adaptive for the host, and for constancy of integration sites, which favors coevolution of phage and bacterial genome structures.
Tropism of Phage Integration
We also studied the tropism of phage integration from the point of view of the phage. In E. coli, Inovirus, Epsilon15-like, and phiC31-like phages integrate each at one single site (supplementary table S5, Supplementary Material online). Stx-like, P4-like, P22-like, and SfV-like phages integrate at a small number of different sites (2, 3, 5, and 5 sites, respectively). On the other hand, P2-like and lambda-like phages integrate into many sites (13 and 21 sites, respectively). Expectedly, we found Mu-like phages integrated randomly in the chromosome. Integration loci tend to be genus specific because few sites (8/4 in E. coli/S. enterica) include more than one phage genus. Of these, two sites show an extreme prophage diversity including almost all genera of prophages and even other mobile genetic elements such as integrative conjugative elements and pathogenicity islands (i.e., sites flanking tRNA Thr and tmRNA, supplementary fig. S2 , Supplementary Material online). We found no obvious association between phage genus and target type (i.e., tRNA, tmRNA, sRNA, or protein coding gene) (supplementary table S5, Supplementary Material online). We found 15 integrative sites containing only unclassified prophages in E. coli (4 in S. enterica) (supplementary table S5, Supplementary Material online), which typically correspond to small elements ongoing genetic degradation. This suggests that some integration sites provide a more favorable genetic background than others.
We then tested whether integration tropisms were associated with the phylogeny of the phage integrases. We found that 413 of the 500 prophages (83%) contained an integrase, all tyrosine recombinases. This percentage rose to 89% among NRlong prophages. Phages lacking integrases may have lost them after integration or use other means to integrate. Accordingly, Mu-like prophages and Inoviruses lacked such integrases (1% of the NRlong prophages). We constructed a phylogenetic tree of the integrases to associate integrase similarity with integration tropism. The deeper nodes of the tree are poorly supported limiting the conclusions that can be taken from ancient evolutionary events ( fig. 5) . The more recent nodes show clusters of phages of the same genus. This includes P2-like, P4-like, and Epsilon15-like prophages. Lambdoid prophages are intermingled in the tree as expected because they showed no commonalities in terms of integration sites. Importantly, integrases from elements integrated at the same locus form terminal clades in the tree, that is, closely related integrases tend to integrate at the same sites. The few apparent exceptions were all examined in detail and concern loci with multiple close integrations where one element is correctly grouped in the tree and the other is inserted in a nearby sequence and clusters elsewhere in the tree (supplementary fig. S3 , Supplementary Material online).
Distribution of Prophages in the Chromosome
The propensity for integration by site-specific recombination varies with genomic regions in S. enterica (Garcia-Russell et al. 2004) . Unfortunately, there are no data available on the large-scale structure of the chromosome of Salmonella. In E. coli, the chromosome is structured in domains and macrodomains that are associated with specific local properties, such as DNA compactedness (Wiggins et al. 2010 ). This might affect patterns of prophage integration or excision.
FIG. 5.
Phylogeny of the integrases. The maximum likelihood tree was made from a trimmed alignment of 332 tyrosine recombinases and rooted using the midpoint root. Bootstrap values (out of 1,000 replicates) are given in percents in the tree and are shown when exceeding 50%. Prophage types are indicated in the first column. The species hosting the prophage is shown in the second column. The third column shows that blocks of closely related integrases correspond to phages integrated at the same loci. One given block puts together a given number of integrases that are together in the phylogenetic tree and are associated with a single locus.
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Adaptation of Temperate Bacteriophages . doi:10.1093/molbev/mss279 MBE Accordingly, prophages and their integration loci are not randomly distributed among the four macrodomains and the two nonstructured (NS-left and NS-right) domains of the E. coli chromosome (both P < 0.0005, 2 test). The latter have the lowest number of prophage loci (3 in NS-right and 0 in NS-left), followed by the origin of replication (Ori) macrodomain (nine loci) ( fig. 6B ). Contrary to the four macrodomains, NS regions show high intracellular mobility and interact with their surrounding domains (Valens et al. 2004 ). This should not disfavor integration events and indeed we find that the frequency of transposases in this region is not significantly different from the rest of the genome (P = 0.77, 2 test). Furthermore, NS regions integrate some well-known pathogenicity islands encoding tyrosine recombinases (Napolitano et al. 2011) , for example, PAI-LEE, PAI-I CFT073 , and PAI-III EDL933 (Blum et al. 1994; McDaniel et al. 1995; Dobrindt et al. 2002) . Core genes in these regions have sequence compositions similar to the rest of the genome (51% in GC content, P = 0.2, Wilcoxon test) suggesting this is not the cause of a putative integration bias. The frequency of tRNA or sRNA genes in these regions is also not different from expected (P > 0.05, 2 test). Essential genes are 50% more abundant than expected in NS regions (P < 10 À7 , 2 test), but their density (10% vs. 6% in the entire genome) seems too low to lead to a general avoidance of prophages in these regions because of the over-representation of genes for which inactivation is lethal. Interestingly, the average Codon Adaptation Index of genes in the NS regions and the Ori macrodomain is higher than in the rest of the genome (0.414 vs. 0.396, P < 10 À6 , Wilcoxon test). High expression of neighboring genes might render prophages less stable. On the other hand, macrodomains are located in different regions of the cell. Notably, the NS-right region is closer to the cell center, followed by the Ori, the Right, and the terminus of replication (Ter) macrodomain that is the closest to the cell poles (NS-left and left were not tested) (Meile et al. 2011 ). This might render the Ter and the nearby macrodomains more susceptible to integration by phages, especially because phage infection might preferentially take place at cell poles (Edgar et al. 2008; Guerrero-Ferreira et al. 2011) .
The frequency of prophages (and integration loci) increases with the distance to the origin of replication both in Escherichia and Salmonella ( fig. 6A , respectively, Spearman's = 0.79, P < 0.006 and = 0.82, P < 0.005). The frequency of ncRNA genes is not higher in this region (P > 0.6, 2 test) and cannot justify the observed pattern. We then tested whether macrodomain structure was sufficient to explain these patterns. For this, we analyzed the abundance of prophages within each macrodomain. We divided each macrodomain in equally sized terminusproximal and terminus-distal regions. The intramacrodomain regions nearer the terminus have 24% more prophages and 24% more integration loci than the intra-macrodomain regions nearer the origin of replication (respectively, P < 10 À6 and P = 0.055, 2 tests). Hence, prophages are more abundant in certain macrodomains, and within the macrodomains, they are more abundant in regions closer to the terminus of replication.
Prophage Polarization
The genes of lambdoid prophages show a preference for co-orientation with the bacterial replication fork, and this is not explained by their tropism toward some tRNAs (Campbell 2002) . Indeed, we found no loci specificity toward lambdoid phages after accounting for phage genus. Bacterial genes, and especially essential genes, are also predominantly co-orientated with the replication fork, presumably to minimize effects of the collisions between the replication fork and the RNA polymerase (Rocha and Danchin 2003) . To study these patterns, we defined prophage transcription polarity as the fraction of the prophage coding sequences in the most gene-rich strand of the prophage. We analyzed two subsets: the lambdoids (330 prophages) and the nonlambdoid Myoviridae (104 prophages), which are the largest clade of the remaining prophages. Together these groups make 87% of our data set. Most prophages were highly polarized with an average of 77% of the coding nucleotides in the most gene-rich strand (76% in lambdoids and 79% in nonlambdoid Myoviridae).
The co-orientation of a large fraction of the prophage genome does not necessarily entail co-orientation of prophage genes with the bacterial replication fork. We defined prophage replication polarization as the predominant orientation of genes relative to the direction of the bacterial replication fork. We found that 85% of prophages are predominantly co-oriented with the bacterial replication fork (P < 10 À15 in the three data sets: all, NRall, and NRlong, 2 test) ( fig. 7) . The effect is much stronger in lambdoid prophages (98% of prophages, P < 10 À15 , 2 test) than for the average host gene ($57% both in E. coli and S. enterica) and for the E. coli essential genes (71%). Replication polarization of nonlambdoid Myoviridae is not significant (56%, P > 0.05, 2 test). Hence, replication polarity, contrary to transcription polarity, is specific to lambdoids. Interestingly, among lambdoid phages, the smaller and presumably more degraded prophages are less often co-oriented with the replication fork than the NRlong prophages (88% vs. 100%, P < 10 À6 , 2 test). Lambdoid prophages might thus degrade faster when antioriented with the replication fork.
If the replication polarity of lambdoids is caused by collisions between the bacterial RNA polymerases and replication forks, as proposed for bacteria, then the transcription of genes expressed in the prophage should be preferentially co-oriented with the replication fork. Most genes are silent in the prophage state, with the notable exception of the repressor of the lytic cycle. We thus identified a total of 115 cI repressors of the lytic cycle among the 330 lambdoid prophages (see Materials and Methods). A majority of these (90%) were found antioriented with the replication fork. This result is in stark contradiction with the hypothesis that collisions between RNA polymerase and the replication fork cause co-orientation of prophage genes with the bacterial replication fork. Inversion of Lambda prophages in E. coli lacks strong phenotypes in terms of bacterial growth or genetic instability (Campbell 2002) . This suggests that prophage polarization does not have a strong impact on the cell's physiology. Co-orientation of lambdoids with the replication fork might thus be associated with their particular genetic organization and how it accommodates in the bacterial chromosome, for example, in terms of DNA motifs (see later). Alternatively, this might be due to some association between the mechanism of phage integration and the bacterial replication fork. This association was found in several DDE recombinases (Peters and Craig 2001) but to the best of our knowledge not in integrases using tyrosine recombinase activity.
Distribution of DNA Motifs in Prophages
The genomes of Escherichia and Salmonella are packed with signals that regulate cellular processes affecting the chromosome at large scales such as macrodomain formation (matS) and chromosome segregation (FtsK-orienting polar sequences [KOPS]) (Touzain et al. 2011) . The MatP protein interacts with the 13 bp matS sites to organize the terminus of replication of the chromosome into the Ter macrodomain (Mercier et al. 2008) . The motif matS is thus concentrated in the Ter macrodomain and absent from the rest of the chromosome. We found no single matS motif in any of the prophages. This is statistically unexpected given the motif size and composition (see Materials and Methods, P < 0.004, 2 test). The absence of matS in the prophages of the Ter macrodomain is not statistically significant but might simply result from the lack of statistical power (P = 0.1, 2 test). Indeed, prophages of the Ter macrodomain of E. coli display a strong underrepresentation of matS motifs when compared with the host Ter macrodomain (P < 10 À15 , 2 test). The density of matS in the Ter macrodomain of E. coli K12 MG1655 is low (1 every 49 kb). The average size of the NRlong prophages is 44 kb. Therefore, integration of a prophage lacking matS probably has no disruptive effect in the formation of the macrodomain. However, this does not explain the significant avoidance of matS in prophages. The matS motif defines the Ter macrodomain and is absent from the rest of the chromosome (Mercier et al. 2008) . Avoidance of matS in prophages outside the Ter macrodomain might be caused by its potential disruptive effect. Phages recombine frequently to produce mosaic structures. Hence, lack of matS in phages integrating at the Ter macrodomain could increase the probability of producing viable recombinant genomes with phages integrating at other chromosomal sites. These results suggest that motifs can be strongly counter selected in prophages when they disrupt chromosomal structure.
KOPS motifs are octamers that orient the transport of DNA by FtsK at the last stages of chromosome segregation (Bigot et al. 2005; Levy et al. 2005) . KOPS are more frequent in the ter-proximal regions and in co-orientation with the replication fork (Bigot et al. 2005) . KOPS are more abundant than expected in the chromosome (9.6 Â 10 À5 KOPS/nt) and in lambdoid prophages (9.5 Â 10 À5 KOPS/nt, both P < 0.01, 2 test). They are also strongly co-oriented with the replication fork (respectively, 90% and 86%). We observed lower density of KOPS in nonlambdoid Myoviridae prophages (5.1 Â 10 À5 KOPS/nt, P > 0.1, 2 test) and even lower in virulent phages (3.1 Â 10 À5 KOPS/nt, P > 0.7, 2 test). Percentage of prophages and host genes co-oriented with the replication fork. The dotted line shows the polarization under random expectation (50%). P < 0.05 (*); P < 0.01 (**); P < 0.001 (***).
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Adaptation of Temperate Bacteriophages . doi:10.1093/molbev/mss279 MBE Interestingly, the density of KOPS in lambdoids mirrors the trends of the rest of the genome: KOPS density is lower in prophages in the Ori-proximal half of the chromosome than in Ter-proximal half (7.2 Â 10 À5 vs. 1.0 Â 10 À4 KOPS/nt, P < 10 À5 , 2 test). Furthermore, the density of KOPS in the Ter-proximal half and in its lambdoid prophages is very similar (9.6 Â 10 À5 vs. 1.0 Â 10 À4 KOPS/nt, P > 0.4, 2 test). This suggests selection for the over-representation of polarized KOPS in lambdoids to match the chromosomal organization.
Conclusion
Our study shows that phages integrate in ways that minimize their negative effects on the chromosome organization. This coevolution of phages and bacteria involves selection for integration sites, gene order, and DNA motifs that affect the biology of the bacterial chromosome. Phage integration is restricted to a few sites that are conserved over very long evolutionary periods. Targeting slow evolving sequences (especially RNA genes) is adaptive for phages. However, many prophages integrate at sites in intergenic regions that are conserved between E. coli and S. enterica. This suggests selection for the conservation of integration sites as a means of promoting lysogeny over lysis and facilitating long-term coevolution of temperate phages and bacteria. Prophage organization is also important at the chromosome scale because prophage density increases along the replichores and differs markedly among macrodomains. This might result from integration biases caused by different accessibility of chromosomal regions to prophages. It might also result from selection for regions of low gene expression. Accordingly, phage abundance increases along the ori-ter axis. The expression of the tmRNA gene, an important integration hotspot, is important for the function of the neighboring P22-like phages and pathogenicity islands (Julio et al. 2000) . This suggests that integration sites might provide other functions besides a site-specific recombination point, for example, regulation of gene expression. Accordingly, we find that prophages avoid integration in the most expressed tRNA genes and in the chromosomal regions with the highest fraction of highly expressed genes. This suggests that they avoid proximity to regions highly transcribed. Transcriptional spillover from nearby genes could lead to expression of phage genes and destabilization of the lysogen. Importantly, temperate phages show avoidance and overrepresentation of DNA motifs that are relevant only at the prophage state in the context of the biology of the host. This adds a constraint to the evolution of temperate phages that is absent from virulent phages. Learning the way prophages minimize their impact on genome organization might provide key information on how to modify genomes with minimal impact on bacterial fitness.
Materials and Methods
Data
A data set of 69 complete genomes of Escherichia and Salmonella was downloaded from the NCBI RefSeq (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/, last accessed January 2012). It consists of 20 S. enterica, 1 S. bongori, 47 E. coli, and 1 E. fergusonii genomes. A total of 299 complete genomes of phages infecting enterobacterial hosts were also downloaded from the NCBI RefSeq (ftp://ftp.ncbi.nih.gov/ genomes/Viruses/, last accessed December 2011).
Identification of Prophages
Prophages were detected using Phage Finder (Fouts 2006) , PHAST (Zhou et al. 2011), and Prophinder (Lima-Mendez et al. 2008a ). These three phage-finding programs combine sequence comparisons to known phage or prophage genes, comparisons to known bacterial genes, tRNA genes, dinucleotide analysis, and identification of integration sites. Phages infecting the enteric bacteria E. coli and S. enterica are the most intensively studied, many sequences are available, and it is therefore less probable to miss prophages due to a gap of knowledge on phages for these genera. We removed small prophages (<10 kb) and elements with a large number of insertion sequences (IS; >25% of the predicted ORFs). IS elements were detected as in Touchon and Rocha (2007) . Prophage borders and the few prophages coded in tandem were manually validated using different types of information: gene annotation, PFAM protein functions, and core/ pan genome definition in bacterial genomes (see later). Prophage genes integrate together and are thus expected to share similar patterns of presence/absence in bacterial genomes. The frequency of gene families in pan genomes (see later) follows a U-distribution, where most families are present in either very few or many genomes (Touchon et al. 2009 ). Families of genes in prophages, because they tend to be strain specific, are among the low-frequency genes. On the other hand, genes involved in the core functions of the bacterial cell tend to be among high-frequency genes. Hence, when a bordering gene corresponds to a persistent gene (present in at least 90% of strains), it was removed of the predicted prophage. A blastp (with an e value < 0.001) of the detected prophages was performed against the rest of the bacterial hosts to check for the presence of further undetected elements. Any cluster of 10 or more genes (with a maximal distance of 3 kb between two consecutive genes) was further inspected. Because of their small sizes (typically <10 kb), Inoviruses were detected using a dedicated procedure. They were searched by similarity to known phages by blastp (with an e value < 0.001). When at least four proteins of the reference genomes (GenBank IDs NC_001332, NC_001954, NC_002014 and NC_003287) were detected in a 10 kb window, the putative prophage was checked with GenBank annotations and its borders were manually confirmed as described earlier.
Classification of Phages
Prophages were classed by comparison to previously classed phages by building a common gene content matrix. First, homologous proteins were identified as unique reciprocal best hits with >40% similarity in amino acid sequence and <20% of difference in protein length as in Touchon et al. (2009) . The similarity score was determined with the BLOSUM60 matrix and the Needleman-Wunsch end gap free alignment algorithm. We measured gene repertoire relatedness between pairs of (pro)phages as:
with S (Ai,Bi) the similarity score of the pair i of homologous proteins shared by (pro)phage A and (pro)phage B (varying from 0.4 to 1), M the total number of homologs between (pro)phages A and B and n A and n B the total number of proteins of (pro)phage A and B, respectively.
The gene repertoire relatedness matrix between all pairs of phage/prophages was used to calculate a tree using BioNJ (Gascuel 1997) . We then classed phages/prophages using the gene repertoire similarity tree. Prophages were classed according to the phages/prophages with known classification with which they branched together (forming a monophyletic subtree with the classified (pro)phages branching basally, see supplementary fig. S1 , Supplementary Material online). For many prophages, we consistently inferred different features: 1) the nucleic acid type: dsDNA/ssDNA/ssRNA; 2) the ICTV taxonomic order: Caudovirales/non-Caudovirales; 3) the life style: temperate/virulent; 4) the type: lambdoid/nonlambdoid; 5) the ICTV family: Siphoviridae/Podoviridae/ Myoviridae; and 6) the ICTV genus: Lambda-like/P22-like/ P2-like/Epsilon15-like/PhiC31-like/Mu-like/P4-like/Inovirus. Temperate/virulent life styles and the lambdoid membership could be determined from literature data for most phages of the databank. In addition to the genera defined by the ICTV, two supplementary groups were considered as a genus due to their unique features: "SfV-like" phages that can be defined as lambdoid Myoviridae (Allison et al. 2002; Mmolawa et al. 2003) and considered as an independent Myoviridae group, albeit not officially elevated to the rank of genus (Lavigne et al. 2009 ) and "Stx-like" phages as they constitute a group of very closely related lambdoid phages carrying the Stx toxin and displaying Siphoviridae/Podoviridae hybrid structures (Garcia-Aljaro et al. 2009 ). The identification of P4 prophages is more complicated because these satellite phages lack structural genes, and there is only one reference sequence in GenBank. P4 encodes one characteristic protein, Sid, which is responsible for its parasitic behavior. Sid functions as a head size determination of phage P2, preventing P2 to integrate its genome within its own capsids (Dearborn et al. 2012 ). Prophages were classed as P4-like when branching next to P4 (GenBank ID NC_001609) in the tree and if they contained the Sid protein (blastp e value < 0.001). Sid is a good marker of P4-like phages because it was not found in prophages distant from P4 in the tree.
Identification of Core and Pan Genomes
A preliminary set of orthologs was defined by identifying unique pairwise reciprocal best hits, with at least 60% similarity in amino acid sequence and less than 20% of difference in protein length. The list was then refined using information on the distribution of similarity of these putative orthologs and data on gene order conservation (as in Touchon et al. [2009] ). The analysis of orthology was made for every pair of genomes of each clade (E. coli and S. enterica). The core genome consists of genes found in all strains of a clade and was defined as the intersection of pairwise lists of positional orthologs.
Definition of Integration Loci
The E. coli and S. enterica core genomes were used to define the integration loci of the detected prophages. Each prophage was localized relative to the two closest flanking core genes of the species. By convention, an integration locus was defined by the relative position of the left core gene among the core genome of the species. For example, the locus 135 in E. coli corresponds to a prophage located between the 135th and the 136th core genes of the E. coli core genome. The relative positions of the loci were defined by the order of the core genes in E. coli K12 MG1655 strain and S. enterica LT2 strain. These strains were used as references for E. coli and S. enterica gene orders, respectively, because they represent the most likely configuration of the chromosome in the ancestor of each species. Few rearrangements were observed (respectively, 2.3 and 2 in average for E. coli and S. enterica genomes) compared with the two reference genomes. Integration loci located between two nonsuccessive core genes, that is, with rearrangements in between them were removed.
Clades Phylogenetic Trees
We extended the species core genomes by adding genomes of the two earliest diverging available species, E. fergusonii and S. bongori. We made multiple alignments of each family of core proteins using muscle v3.6 (Edgar 2004 ) with default parameters and back-translated these alignments to DNA. The concatenated alignments of core genes were given to Tree-puzzle 5.2 (Schmidt et al. 2002) to compute the distance matrix between genomes using maximum likelihood under the Hasegawa-Kishino-Yano + G(8) + I model. The tree of the core genome was built from the distance matrix using BioNJ (Gascuel 1997) . We made 1,000 bootstrap experiments on the concatenated sequences to assess the robustness of the topology. The topology of these trees is congruent with previous whole-genome phylogenetic analyses of E. coli and S. enterica (Touchon et al. 2009; Touchon and Rocha 2010) . Groups' terminology is based on the latest update of E. coli strains classification (Tenaillon et al. 2010 ).
Identification of Integrases, cI Repressors, and Phylogenetic Analysis
Integrase and cI repressor proteins were searched using PFAM protein profiles for tyrosine recombinase (PF00589), serine recombinase (PF07508 and PF00239), and cI repressor (PF07022) obtained from the PFAM database, version 26.0 (http://pfam.sanger.ac.uk/, last accessed January 2012). Prophages were searched with these profiles using hmmpfam (e value < 0.001, coverage of >50% of the profile) (Eddy 2011) . The multiple alignment of the 413 tyrosine recombinase proteins was made with muscle v3.6 (Edgar 2004) . Informative regions were selected using BMGE with the BLOSUM30 matrix (Criscuolo and Gribaldo 2010) . Poorly aligned sequences were manually removed from the 747 Adaptation of Temperate Bacteriophages . doi:10.1093/molbev/mss279 MBE alignment. The final alignment of 332 sequences was used to reconstruct the phylogenetic tree using the maximum likelihood method implemented in TREEFINDER (Jobb et al. 2004 ) under a mixed + G(5) model, which was estimated as the best-fit model with the Akaike information criterion. The tree topology was assessed with 1,000 bootstrap replicates using the same model.
Identification of ncRNA
The tRNA genes were identified using tRNAscan-SE 1.23 (Lowe and Eddy 1997) . The tmRNA genes were detected by sequence similarity search using blastn, having at least 90% of identity sequence and less than 20% of difference in sequence length with the original sequence identified in E. coli (Lee et al. 1978) . A single tmRNA gene was thus identified in each genome of Escherichia and Salmonella. Other sRNA genes were identified using two recent published data sets from E. coli (Raghavan et al. 2011; Shinhara et al. 2011 ) and one from Salmonella (Kroger et al. 2012) . The 328 sRNA sequences reported in E. coli K12 MG1655 strain and the 113 sRNA sequences identified in S. enterica SL1344 strain were then blasted against all genome sequences analyzed in this study. For each sRNA, only the best match within each host genome with at least 80% of identity sequence and length coverage of 50% was considered. We found 326 and 195 sRNAs in Escherichia and Salmonella genomes, respectively, with 153 nonredundant sRNA genes shared by all Escherichia strains, 123 shared by all Salmonella genomes, and 73 shared between all Escherichia and all Salmonella genomes. RNA genes were considered as putative integration targets of a prophage when found at less than 1 kb of prophages borders. A sRNA was not considered as a putative integration target if a core gene of the host was found between the sRNA and the prophage. RNA genes located within a prophage (or a neighboring prophage) were not considered as potential integration targets. sRNA secondary structures were predicted with RNAfold (Gruber et al. 2008) . Each sequence was shuffled 1,000 times keeping nucleotide composition constant, and the distribution of minimum free energies was computed with the 1,000 randomized sequences. For each sRNA, the predicted structure was considered as reliable when its minimum free energy was found among the 10% most stable structures of the distribution of minimum energy for the random sequences.
Identification of Targeted CDS
The identification of putative integration targets within protein coding genes was made by searching for homologies between the sequences flanking the prophage and proteins in the pan genome using tblastn (Altschul et al. 1997 ) (e value < 0.001). We took 1 kb sequences around each prophage limit. When both prophage flanking regions matched the same protein, we aligned them independently to the corresponding gene with needle (Rice et al. 2000) using the end gap free option. Two cases were then considered: 1) phage integration led to the duplication of one end of the CDS and 2) the CDS was disrupted due to phage integration. The first situation was identified when one hit corresponded to the entire CDS and the other hit to a smaller fragment. The second case was recognized when none of the hits corresponded to the entire query CDS and when they were found aligned to complementary parts of the query CDS (i.e., nonoverlapping but converging at the same position).
Identification of Macrodomains, Essential Genes, Origin and Terminus of Replication, KOPS, and matS Motifs Macrodomain borders were delineated as in Scolari et al. (2011) . Essential genes were defined as in Baba et al. (2006) . We used the sequences patterns reviewed by Touzain et al. (2011) to identify KOPS (GGG[ATGC]AGGG) (Bigot et al. 2005) and matS (GTGAC [AG] [AGTC][TC]GTCAC) (Mercier et al. 2008 ) sequences in the 69 Escherichia and Salmonella complete genomes using Fuzznuc (http://emboss.bioinfor matics.nl/cgi-bin/emboss/fuzznuc, last accessed January 3, 2013). To identify the origin of replication, we searched using blastn, the best hit with the known oriC sequence of E. coli K12 MG1655 of 378 bp in the other genomes. This sequence is well conserved in Salmonella (>86% of identity sequence in all length) and Escherichia (98.7% of identity sequence) replicons. To identify the terminus of replication, we searched using Fuzznuc the known dif site sequence (GGTGCGCATAATGTATATTATGTTAAAT) (Hendrickson and Lawrence 2007) and also the terC sequence of E. coli K12 MG1655 (GGATGTTGTAACTA) in all the genomes analyzed (Duggin and Bell 2009) . Both sequences are well conserved between the two species and are close to each other along the chromosome (<20 kb). Cumulative GC and AT skews analysis in 10 kb sliding windows (Greub et al. 2003) , the switch of KOPS orientation (Bigot et al. 2005) , and the identification of the dnaA gene (Mackiewicz et al. 2004) close to the origin were used to confirm/support the predictions. We then classed all prophage genes and KOPS motifs according to their orientation relative to the replication fork movement.
Statistics on Oligonucleotide Usage
Over-representation of KOPS and matS motifs was determined by comparison to the expected frequencies of these motifs in the different genomes. The expected frequencies of KOPS were calculated using a Markov maximal order model as in Schbath (1997) . As KOPS motifs display a degenerate nucleotide at position 4, random expectation was calculated for each one of the four possible KOPS motifs independently. The degenerate matS motifs are longer (13 nucleotides), and their random frequencies cannot be estimated confidently with the Markov maximum order model because such long motifs are expected at very low frequencies. Random expectation of these motifs was then estimated using the hosts' or (pro)phages' nucleotide content:
, with f(X) the frequency of nucleotide X in the genome.
